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In maturity, motor skills depend on the corticospinal tract (CST) and brainstem pathways that together synapse on interneurons and motoneurons in the spinal cord. Descending signals to spinal neurons that mediate voluntary control can be distinguished from peripheral sensory signals, primarily for feedback control. These motor system circuits depend initially on developmental genetic mechanisms to establish their connections and neural activity-and usedependent synaptic refinement during the early postnatal period to enable motor skills to develop. In this review we consider four key activity-dependent developmental mechanisms that provide insights into how the motor systems establish the proper connections for skilled movement control and how the same mechanisms also inform the mechanisms of motor impairments and developmental plasticity after corticospinal system injury: (1) synaptic competition between the CSTs from each hemisphere; (2) interactions between the CST and spinal cord neurons; (3) synaptic competition between the CST and proprioceptive sensory fibres; and (4) interactions between the developing corticospinal motor system and the rubrospinal tract. Our findings suggest that the corticospinal motor system effectively 'oversees' development of its subcortical targets through synaptic competition and trophic-like interactions and this has important implications for motor impairments after perinatal cortical stroke.
In maturity, motor skills depend on the corticospinal tract (CST), which contains the direct projection from the motor cortex to the spinal cord, as well as brainstem motor pathways. 1 Although the ultimate target of these descending projections is the motoneuron, spinal interneurons also receive important input from the motor pathways and play key roles in coordinating muscle actions. Descending signals to motoneurons and interneurons mediating voluntary control can be distinguished from muscle and joint sensory signals that provide feedback for movement control. Whereas genetic mechanisms initially establish motor system connections, neural activity-and use-dependent processes refine these connections to enable motor skills to develop. [2] [3] [4] To begin to understand the mechanisms by which refinement of motor circuits occurs, we have developed animal models in which we can (1) regulate corticospinal system activity; (2) examine precisely descending motor pathway and proprioceptive fibre connections; (3) determine key characteristics of spinal cord interneurons; and (4) map the functional motor representations in the brain. With these tools we can study activity-based developmental plasticity mechanisms, as well as the relationship of these mechanisms to early brain injury. We use cat and rodent models as they are species that share similarities and express differences with the human motor systems. 1 Notably, unlike humans the cat and rodent CSTs do not have significant monosynaptic connections with motoneurons. The rubrospinal tract (RuST), a brainstem motor pathway, has not been studied in developing humans but may be smaller in mature humans. 5 Most likely, the developmental mechanisms that we describe in animals also function in humans.
In this mini-review we focus on the corticospinal system because it is the principal motor system for skilled movements. Corticospinal system damage results in significant motor dysfunction. Damage during development produces weakness and paresis. 6 Coordination of skilled movements becomes impaired, typically disproportionate to the motor strength impairment. Injury leads to additional impairments, including hyperreflexia and spasticity. Weakness is likely owing primarily to the loss of the direct projections of the CST from motor cortex to spinal cord motor circuits. However, the other impairments are poorly understood and likely reflect additional factors than simply the loss of connections. They are better considered to be a gain of aberrant motor functions and may be due to new patterns of connections and function that emerge after injury. 7 These aberrant motor functions can be especially debilitating in cerebral palsy.
We consider key mechanisms of activity-dependent developmental plasticity that provide insights into how the motor systems establish connections for skilled movement control, and how the same mechanisms also inform motor impairments after developmental injury. These mechanisms include synaptic competition between CST connections, CST regulation of downstream motor circuits in the spinal cord, and corticospinal system activity-dependent regulation of sensory and brainstem motor pathway development.
SYNAPTIC COMPETITION SHAPES ESTABLISHMENT OF CORTICOSPINAL MOTOR CIRCUITS
A common mechanism for establishing sensory system connections is initial development of excessive connections that are subsequently refined to a subset of connections that are stable throughout later development and maturity. An essential component of this refinement process is the activity of the neurons in the developing circuit. CST development is similar. We have shown that the refinement process is organized by the level of activity of the developing corticospinal systems. 3 The CST, which originates primarily from motor cortex, but also premotor and somatic sensory cortex, has an early bilateral organization in cats and humans, based on anatomical tracing and electrophysiological assays. 1, 3, 8 Using axonal tracing methods together with highly sensitive outcome measures, we have shown in a cat model that there are significant ipsilateral CST spinal projections that, combined with the dominant contralateral projection, lead to an immature bilateral spinal projection (Fig. 1a[a1] ; immature CST projections are sparse, denoted by pale shading). Refinement of connections occurs by about 7 weeks of age (Fig. 1a[a2] ), with a shift to a predominantly contralateral projection and regionally denser projections (denoted by regions of darker shading). 9 The human corticospinal is similar. Using transcranial magnetic stimulation (TMS) in infants, contralateral and ipsilateral motor effects are remarkably similar, 8, 10 resulting in a bilateral corticospinal system early in development. In the typically developing human, TMS-evoked muscle responses on the contralateral side become stronger than those on the ipsilateral side after about 6 months of age. 10 With a robust early bilateral substrate, circuit-level interactions between the two hemispheres can be abundant, not only via CST projections to the spinal cord, but also via cortical projections to the brainstem. One such particularly robust interaction during development is activitydependent synaptic competition for establishment of connections with postsynaptic target neurons. More active CST neurons are more successful in establishing synaptic connections than less active neurons. 3 We demonstrated this experimentally by pharmacologically inactivating the major source of the CST in motor cortex of one hemisphere during early development when the system is bilateral. Later in development and maturity, this results in a substantially reduced and spatially aberrant projection from the inactive side ( Fig. 1b[b1] ) and an overtaking by the active CST projection (Fig. 1b[b2] ). Animals show unilateral motor impairments in skilled movements in this model. 11 However, our findings show that a unilateral activity change in motor cortex affects development of the CST from both hemispheres; the active side develops an aberrant bilateral CST. Similarly, unilateral motor cortex injury in human infants impacts CST development from both the injured and intact hemispheres. It is well known that after unilateral perinatal motor cortex injury the intact motor cortex may develop and maintain a bilateral CST, evaluated using TMS. 12 This is explained by our activitybased model. With substantial loss of CST projections due to an early developmental injury, spared CST axons on the injured side will be less effective in activating their targets in the spinal cord than the ipsilateral CST projection from the uninjured side (e.g. compare the right side of the spinal cord in Fig. 1b[b1 and b2] ). In our animal model, electrical stimulation of the damaged CST soon after injury helps restore connections and improves behavioural outcomes, consistent with enhancing synaptic competitiveness. 3, 13 
CORTICOSPINAL ACTIVITY SHAPES DEVELOPMENT OF INTRINSIC SPINAL MOTOR CIRCUITS
So far, we have discussed how corticospinal system activity can help shape development of CST connections. Another Development following unilateral motor cortex inactivation, which was produced by intracortical microinfusion of muscimol (c-aminobutyric acid receptor A agonist). CST projections from the (b1) inactivated and (b2) non-inactivated sides are shown. Schematics based on prior studies. 9, 11 [Colour figure can be viewed at wileyonlinelibrary.com].
What this paper adds
• Neural activity-dependent processes inform the brain and spinal cord response to injury.
• The corticospinal motor system may 'oversee' development of its downstream subcortical targets through activity, trophic-like interactions, and synaptic competition.
type of interaction is between the CST and the downstream neural circuits that receive input from these descending projections. We have studied the role of corticospinal system activity in development of spinal cord interneurons. 14 The CST makes monosynaptic connections directly with motoneurons in humans and some primate species, as well as synaptic contacts onto spinal interneurons that, in turn, synapse on motoneurons. 1 One class of spinal interneuron that receives CST input and synapses on motoneurons uses acetylcholine as its transmitter (Fig. 2, inset) . It expresses choline-acetyl transferase. 15 As the CST develops during an early postnatal period there is approximately a sevenfold increase in the number of choline-acetyl transferase-containing interneurons ( Fig. 2a,b ; between 4wks and 8wks of age). When the activity of the CST is reduced unilaterally during this period, only approximately 50% of the cholinergic interneurons in the spinal cord eventually develop (Fig. 2c) . It is not known if the reduced number of cholinergic neurons reflects an activity-dependent neurotransmitter switch 16 more interneurons use a different neurotransmitter after corticospinal inactivation -or that a large number of cholinergic neurons fail to develop and die. In either case, without this source of cholinergic input to motoneurons, motor behaviours are not expressed normally. 17 In our animal model of hemiplegic cerebral palsy, 18 the reduced number of cholinergic interneurons can be restored by constraint-induced movement therapy (i.e. normal limb constraint and exclusive use of the impaired limb during skilled movement training; Fig. 2d , dark-blue bar), and this is associated with behavioural recovery. 18 Importantly, constraint therapy was only effective in abrogating the interneuron reduction and motor impairment when the rehabilitation is applied immediately after injury. Delaying therapy by 1 month in this model prevented restoration of cholinergic interneuron number ( Fig. 2d; light-blue bar) and prevents motor recovery. Extending the cat findings to humans, we hypothesize that intervention early in development (e.g. 6-12mo), when bilateral TMS-evoked limb responses are evoked in infants, 10 may be more effective than later in development (5-10y), when TMS evokes predominantly contralateral responses. Constraint alone was ineffective in restoring neuron numbers ( Fig. 2d; grey bar) or behaviour, stressing the need for skill training. Promoting CST activity through motor cortex electrical stimulation, currently only tested in a mature rodent model, augments cholinergic synapses on motoneurons (unpublished material). These findings point to spinal circuits as a novel therapeutic target for cerebral palsy in conjunction with behavioural or motor cortex stimulation therapy.
COMPETITIVE INTERACTIONS BETWEEN MUSCLE SENSORY FIBRES AND CST CONNECTIONS
The CST and muscle sensory fibres, which mediate proprioception and stretch reflexes, coordinate development of their spinal connections with those of the CST. 19 Synaptic interactions also occur between these systems during development. 20 , 21 Here we discuss a mature animal model to examine the strength and potential functional significance of muscle sensory fibre-CST interactions (Fig. 3) . Normal CST and muscle sensory terminations are shown schematically ( Fig. 3a; CST=blue; sensory=grey). Muscle sensory fibres were activated by muscle electrical stimulation. 22 Muscle stimulation promoted outgrowth of muscle sensory fibres ( Fig. 3b ; note expanded sensory territory and denser connections) and this is associated with a reciprocal reduction in CST connections, by about 50% (lighter-blue shading). 22 Conversely, partial deafferentation produced a concomitant increase in CST connections ( Fig. 3c ; dark blue). The capacity for motor cortex stimulation to produce a muscle-evoked potential is diminished by about 50% after muscle electrical stimulation (Fig. 3e , dotted line) compared with normal controls, and doubled after partial deafferentation (red line). 22 Finally, removal of CST axons by a brain lesion resulted in increased muscle sensory fibres in the spinal cord, similar to what we observe after muscle stimulation, and hyperreflexia (Fig. 3d) . 23 These findings show robust reciprocal interactions between the CST and muscle sensory fibres that can be explained by competitive synaptic interactions. 20, 22 Studies are in progress to determine if there are similar CST and sensory fibre competitive interactions during development in the cat. If so, damage to the developing motor cortex, and the consequent loss of the CST, could lead to enhanced sensory fibre input to the spinal cord and altered sensorymotor integration. Activity-based interventions, similar to what we have used to promote CST spinal projections in development and maturity, 13, 24 could help restore the normal balance between the CST and sensory fibres after perinatal motor cortex lesion and ameliorate limb spasticity and tone-related impairments that hinder skill learning.
CORTICOSPINAL ACTIVITY SHAPES DEVELOPMENT OF A BRAINSTEM MOTOR PATHWAY
The developing corticospinal motor system also influences development of the rubrospinal system, a brainstem motor system comprised of the red nucleus and RuST, which has an anatomical organization of cervical spinal projections similar to that of the CST and is thought to function with the CST in skilled limb movements. The RuST develops spinal projections earlier than the CST and the red nucleus forelimb motor representation (or 'homunculus') develops earlier than the cortical motor cortex motor representation, especially for the distal joints. 25 Later in development, as motor skills emerge, the CST and motor cortex motor representation exhibit further development while the RuST and red nucleus motor representation appear not to develop further. After development, the CST and RuST project to overlapping spinal territories (Fig. 4, inset) . The rubrospinal system may be more important than the corticospinal system for control of early, possibly coarser, movements, but this dependency shifts to the corticospinal motor system later in development. This is another example of co-development of the corticospinal motor system and another motor system component.
Since the CST and RuST normally co-develop, we investigated if the two systems compete for control of spinal motor circuits, similar to what we have shown for the contralateral and ipsilateral CST projections and the CST and sensory fibres. We inactivated one motor cortex and asked if the ipsilateral and contralateral CSTs and RuST engage in an activity-dependent competition in establishing their connections with spinal motor circuits. 26 Recall that early postnatal neural activity in motor cortex of one hemisphere, when the CST is establishing its spinal connections, produced CST and contralateral motor impairments ( Fig. 4a; see also Fig. 1b) . We studied the function and connections of the treated and untreated motor cortex/CST later in development, once activity returned. The affected motor cortex motor representation was sparse (denoted as the light-grey motor cortex on the brain drawing) -with few sites representing forelimb movements 26 -and its CST failed to develop dense, strong spinal projections (Fig. 4a) . As indicated earlier, the affected side showed skilled motor impairments. By contrast, the opposite motor cortex developed a normal motor representation (dark-grey motor cortex on brain drawing), 27 a normal contralateral CST projection, as well as a dense ipsilateral spinal projection (Fig. 4a) . In the example shown, the red nucleus and RuST would seem to have a competitive advantage during the period when the CST is less active. Indeed, while the CST remains inactivated the red nucleus motor representation was expanded relative to normal development (darker red colour; Fig. 4b ) and the spinal projections were denser than with the active side, which had a sparse motor map and spinal projections. This is consistent with a competition between the CST and RuST for synaptic connections in the spinal cord.
However, this red nucleus/RuST asymmetry was shortlived. One to 2 months later the over-representation of the motor map and denser spinal projections became less than normal. Why was this short-term 'win' of the rubrospinal system not maintained? We propose that further development of the aberrant ipsilateral CST, together with enhanced sprouting of muscle sensory afferents on the affected side of the spinal cord, outcompete the RuST during the late phase of maturation. Many questions remain, including whether this new pattern of perturbed RuST projections is adaptive and helps restore function early after injury. Perhaps the contralateral-projecting RuST is better at controlling skilled limb movements than the sparse contralateral CST or denser ipsilateral CST? There may be a similar competition between the CST and other descending pathways. Motor dysfunction in cerebral palsy after localized cortical injury might reflect developmental changes in brainstem motor pathways produced indirectly because of a cortical injury.
CONCLUSION
The early-developing motor system is refined by activity, synaptic competition, and early motor experience. 20, 21, 28 For the CST, activity-dependent interactions seem strongest during development, but they are also present in maturity. 24 Factors other than competition may also be important mediators of developmental plasticity -such as cooperative interactions between inputs, which have been contrasted from competitive interactions under different developmental conditions 20, 21 -and of particular importance after injury, the availability of synaptic space. Synaptic interactions, especially competition, may be particularly important during early development when there is an overproduction of synaptic connections in the central nervous system and connections must be eliminated for circuit function. 2 Our findings suggest that the corticospinal motor system effectively oversees development of its downstream subcortical targets through activity or trophic-like interactions and synaptic competition. This could have important implications for perinatal cortical stroke and traumatic injuries, where loss of CST projection from frontal motor areas to the spinal cord may deprive spinal target neurons of signals necessary for their development. 1 Implementation of activity-based interventions, such as motor cortex stimulation and other neuromodulatory approaches, may be a way to overcome both the loss of connections, by driving CST axonal outgrowth, and to prevent the widespread reprogramming of motor system development that follows when cortical developmental regulation goes awry.
